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ADSTRACT

A study was performed to measure heat trans-
fer rates between surfaces at conditions
exnerienced in space efvironment sirulation
chambers. Many of these conditions are also
similar to those exnerienced in general cry-
ogenic systens.

This study was performed to obtain data more
directlv aonnlicable to space environrient and
cryogenic applications, using large terpera=-
ture differentials and distances between
surfaces of un to 40 cn., Previous investi-
gations have been directed at determining
the properties of the gases studied, mainly
thermal conductivity. 1In those »nrior stud-
ies, hot wires in tubes and precision paral-
lel plate and concentric cylinder devices
were used. The data of this investication
was taken in a 1 neter diameter space envi-
ronrent simulation chamber examining hecat
transfer between 3.8 cm and also 10 cr: dia-
neter Boelter-Schmidt tyme heat f£lux meters
at ambient temperature and a one neter by
one meter square liquid nitrogen-cooled flat
panel. The nressure range investigated was
from 1075 torr to one atmosmrhere., Two sur-
faces were investigated, matte black velvet
and aluminized Kapton, to provide extreme
cases. The distances between surfaces vari-
ed from 0.05 to 40 cn. The gas evaluated in
this study was nitrogen.

INTRODUCTION

Investigations and studies have been made on
thermal conductivity and heat transfer rates in rari-
fied gases. 1In these investications the mechanisms of
heat (energy) transfer were studied and properties of
the gases deternined. These studies were necessarily
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conducted at precisely controlled conditions selected
to give data that required miniral mathematical com-
plexity in interpreting. For examnle, three basic
geometries were studied: parallel seni-infinite
planes, concentric cyclinders, and concentric spheres.
Further, temperature , differentials were kept minimal
so error in assigning a mean temperature of the gas
between the two heat transfer surfaces would be mini-
mized. However, in space environment simulation and
general cryogenic applications, heat transfer problems
involving rarified gases (pressures one atmosphere or
less) usually involve large temperature differentials,
large distances and a variety of geometries. It is
the purpose of this investigation to determine heat
transfer rates for conditions encountered in the prac-
tice of space environment simulation testing and cryo-
genic systems. Included in the investigation are the
large temperature differentials and nonideal geome-
tries. It is hoped that useful and practical data are
presented in this paper for ready use by those con-
fronted with such problems.

THEORY

An introduction to gaseous heat transfer is given
by Kennard (1). A survey and digest of heat transfer
investigations 1is offered by Springer (2). A very
thorough description of thermal conductivity measure-
ments in gases is presented by Tsederberg (3) except
for the technique used in this investigation.

Depending upon the pressure of the gas and the
distance between heat transfer surfaces, heat transfer
in static gases can be considered to have four dif-
ferent modes. The condition of pressure and intersur-
face distance is described by the Knudsen number,
A/D, where )\ is the mean free path of molecules of
the gas colliding with one another and is a function
of gas pressure, temperature, and molecular diameter,
and D is the "characteristic dimension" of the heat
transfer system closely describing the mean heat
transfer path. The condition where the Knudsen number
is greater than 10 is considered as the molecular heat
transfer regime, where heat is transferred by single
molecules colliding only (or in a great majority) with
the walls. The Knudsen number range 10 to 0.01 is
known as the "transition™ range, wherein the mechanism
is ill defined, being a combination of single molecu-
lar transfer between surfaces and a small number of
intermolecular collisions before striking the second
surface. When the Knudsen number is less than 0.01,
heat conduction is said to take place by the laminar,
viscous, or continuum regime. Heat is conveyed from a
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surface to a layer of gas adjacent to it, and from
that layer to the next, et cetera., An irmportant char-
acteristic to all nmodes of heat transfer, expecially
rolecular, is the ability of a molecule of a gas to
adjust its terperature toward that of the wall when it
collides with the wall. This property, dependent upon
the gas, gas temperature and the wall, is known as the
accomnodation coefficient (a) . The accommodation coef-
ficient 1is zero if the temperature of a gas molecule
is unchanged by colliding with a surface of different
temperature, and unity if the molecule achieves the
temverature of the wall with one collision.

Molecular regime heat conduction increases 1li-
nearly with density. A gas offers more carriers per
unit area with increased density and also linearly
with velocity, which is the rate of traverse of a sin-
gle molecule from one surface to the other. Since
density is proportional to the ratio of pressure over
temnerature, and velocity is pronortional to the
square root of kinetic energy, which, in turn, is pro-
portional to temperature, heat conduction in the mole-
cular regime is directly proporational to pressure and
inversely proportional to the square root of the velo-
city. From a kinetic standpoint, the rate is inverse-
ly proportional to the square root of molecular weight
of the gas and thermodynamically the heat transfer
rate is directly proportional to the heat capacity of
the gas. Free molecular conduction is propvortional to
the accomnodation coefficient, but not as simply as
might be suspected. A composite accommodation coeffi-
cient must be used if two different surfaces are in-
volved:

a] X a
a‘+a2—a‘a2

a =

which reduces to « =-7éHr— when both surfaces are
identical. A unique and injortant feature of molecu-
lar conduction is that it is independent of path
length, providing that the mean free path exceeds ten
times that path. This is evident when it is consider-
ed that molecular heat transfer is the product of
number of molecules per unit area, velocity of the
molecules, heat capacity of the molecule, and effi-
ciency of the molecules to transfer heat with the
surfaces,

Laninar or continuum heat conduction is dependent
upon path length and independent of pressure. The
dependency upon path length arises from the increased
number of lamina. which transfer heat from one to
another as the path increases. The independence of
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pressue exists because, although the number of molecu-
lar carriers per unit area increases with density, the
number of lamina per unit length also increases and
causes the effects to cancel each other. Due to the
effect of velocity on the rate of energy transfer the
heat transfer coefficient (thermal conductivity) of
the gas in the continuum regime should be proportional
to the square root of the gas temperature.

The fourth mode of heat transfer in a static gas
is natural convection. This appears when the gas be-
comes dense enough that gases at higher temperature
will decrease in density and tend to rise and those
colder tend to fall. This phenomenon would not be ex-
pected in the absence of a gravity field. Because of
gravity dependence we should expect natural convection
to be highest for a warm horizontal surface facing up,
lowest for a warm horizontal surface facing down (the
surface hindering upflow of the gases it has heated),
the opposite situation for a cold surface, and in the
case of warm or cold surface, natural convection at a
vertical surface would be in between those rates for
upward and downward facing horizontal surfaces. A
"warm" surface is a surface warmer than the gas, and a
"cold" is a surface cooler than the gas.

All forms of heat conduction in static gases are
also geometry dependent. For the continuum regime,
the geometric problem is treated as is the Fourier re-
lationship for isotropic solids. The effect of geo-
metry is somewhat more subtle for molecular flow (ref.
1 and 2), and very complex for natural convection.
For example, in convective transfer between a large
and a small surface, the transfer rate would be deter-
mined mainly by the orientation of the small surface
since the bulk of the gas may be considered as condi-
tioned to the temperature of the large surface. This
effect becomes ambiguous as the sizes of the two
surfaces approach one another. Further, natural con-
vection is dependent upon the distance between two
surfaces. If the distance is small ernouch continuum
conduction will dominate the heat transfer (since it
is inversely proportional to path length), and as the
distance increases natural convection will interfere
and eventually dominate the heat transfer.

The investigation undertaken measured the actual
heat transfer rates for simple geometries (two paral-
lel vertical surfaces, the cold surface large and the
warm surface small) in a common rarified gas (nitro-
gen). Due to the lack of ideal conditions, such as
small temnperature differentials and semi-infinite
planes, the data obtained is difficult to relate to
theory. On the other hand, the data is very practical
since the conditions studied are similar to those en-
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countered in cryogenic and space environment simula-
tion practices.

INVESTIGATION

A unique calorimetric technique was used to ob-
tain the heat transfer data. A windowless Hy-Cal
P8400 radiometer was used as the heat transfer sensor.
The radiometer diameter is t.5-inch and has an alumi-
num  bedy through which water flowed at a rate of 0.3
gallons per minute. The sensitivity of the radiometer
was approximately 82 BTU/ft hr/millivolt. A copper-
constantan thermocouple was mounted on the copper tub-
ing water line within 1/2-inch of the radiometer., The
water line was bent in a loop to permit translation of
the radiometer without kinking the copper tubing. The
water line was wrapped with aluminized Kapton film to
isolate the water from the environment. The study was
performed in a cylindrical vacuum chamber (Chamber N
of the Space Environment Effects Laboratory, Johnson
Space Center - see fig. 1) which contained a concen-~
tric cryogenically cooled shroud 36-inches in diameter
and 36-inches long. The axis of the chamber is hori-
zontal. A 36-inch square aluminum plate with an 8inch
diameter liquid nitrogen-cooled "wart"™ in its center
was placed vertically in the chamber. The plate and
the cryogenic walls were instrumented with
thermocouples. The radiometer was mounted on a 0.5-
inch diameter stainless steel rod that was supported
by a "push-pull® feed-through. This penetration was
located midway along the chamber horizontal (cylindri-
cal) axis and along a horizontal radial line inter-
cepting the center of the cylindrical cross section.
The radiometer could be moved along a normal line
through the vertical plate's center. The 1liquid
nitrogen-cooled "wart" was on the side of the plate
opposite the side facing the radiometer. The shroud
was cooled with 1liquid nitrogen and all experiments
were conducted with all plate and shroud temperatures
of -280° F to =-315° F. The radiometer water
temperature was controlled by a cooling/heating servo-
regulated circulating system of water-glycol,

Chamber pressures were measured by a Varian
millitorr gage in the range of 108 to 10~ 2 torr, an
alphatron gage in the range of 10~% to 100 torr, and a
Wallace and Tiernan Bourdon-type gage in the range of
0.3 to 760 torr. The distance between the radiometer
face and the vertical plate was measured in the range
of 0.05 to 2 cm with a cathetometer located at the
front of the chamber, sighting through a glass view-
port. Distances in the range 2 to 39 cm were measured
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by a marker placed on the traversing rod which pointed
to a fixed meter scale.

The gas selected was nitrogen because it is com-
monly used in space environment simulation and is the
most common gas used in cryogenic engineering. Ther-
mally, nitrogen is almost identical to air, except
that problems involving partial condensation of oxygen
at high pressures and liquid nitrogen temperatures can
be avoided by using pure nitrogen. The nitrogen used
for this investigation was water pumped and oil free.

Two radiometer surfaces were employed, first 3M
Nextel 410C flat black and for a second study the rad-
iometer surface was covered with aluminized Kapton
film (aluminized side out) which was applied using 3M
No. 467 tape adhesive. These coatings were selected
to provide extremes in accommodation coefficients.
The spongy black surface was expected to have a higher
heat transfer rate than the specular aluminized
surface

To isolate radiative transfer from conductive and
convective, a series of data were taken at ultimate
vacuum (less than 10~% torr). The radiometer signal
for various gas pressures was corrected by subtracting
the radiometer output measured at high vacuum at the
corresponding distances. The radiometer output stabi-
lity was approximately 5 microvolts, corresponding to
approximately 0.2 BTU/ft2-—hr. Radiometer temperature
was recorded for each reading.

The radiometer was calibrated when the high vacu-
um readings were taken for the flat black case. The
technique of data interpretation is described in ref-
erence (8), and simply involves measuring radiometer
output at a known temperature in a cryogenic environ-
ment of known temperature. The radiometer signal is
proportional to the heat exchanged.

S =

eo[l — Tw]
mv

where mv = radiometer millivolt output 8 1x108torxr or
less

S = radiometer sensitivity

¢« = emittance of 3M Nextel flat black paint =
0.89

+ = Stefan-Boltzmann constant, 0.173x1078 btu/
ft2-hr °R4
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T

r radiometer temperature °R

Tw = wall temperature °R

The calibration data was selected from the 20 cm
distance readings to avoid effects of re-reflection of
infrared radiation of close surfaces. Re-reflected
radiation complicates the determination of heat ex-
change. This calibration is valid when the radiometer
has the aluminized film applied to it because it per-
tains only to the heat passed through the sensing slab
which is underneath the film of paint.

For all measurements, the following heat transfer
paths were investigated: 0.05, 0.1, 0.2, 0.5, 1.0,
2,0, 5.0, 10.0, 20.0, and 39.0 cm. For the 3M black
painted surface, sensor temperature was 90° F and
pressure range studied was 1074 to 3 torr. For the
aluminized Kapton case, the pressure range was 10~ % to
10 torr for a 90° F sensor and 10~¢% torr to 760 torr
for a 30° F sensor.

RESULTS

The results of this study are tabulated in Tables
I, II, and III and are depicted graphically in Figures
2, 3, and 4: The molecular regime, transition regime,
and laminar or continuum regime boundaries are also
illustrated in the figures, as defined according to
the Knudsen number,

DISCUSSION

All three cases studies (3M black at 90° F, alu-
minized Kapton at 90°F, and aluminized Kapton at 30°F)
appeared to demonstrate the same general behavior as a
function of pressure and transfer path 1length. The
heat transfer for the 30° F aluminized surface was
disproportionately lower than that for the same sur-
face at 90° F. The heat transfer for the aluminized
surface at 90° F was higher than that of the 3M black
surface at the same temperature but within the same
order of magnitude. This result is unexpected, since
it was assumed that a specular aluminized surface
would have a 1low accommodation coefficient and a
rough, spongy surface as 3M black would be much high-
er. Thus the heat transfer for the black surface
should have been much greater than for the aluminized
surface.

The results do demonstrate "textbook" style that
the heat transfer is independent of distance in the
molecular regime and is independent of pressure in the
continuum regime. Figure 5 is a plot of heat transfer
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versus distance in the continuum regime at fixed
pressures and demonstrates that in this regime heat
transfer is inversely proportional to the path and in-
dependent of pressure, providing the convective con-
tribution 1is negligible. The convection causes the
anomalies in the region of high pressure and large
path length.

The very interesting case of natural convection
is evidenced in figure 4. It is first evident at
large distances, where conduction is subdued by the
greater path, but as pressure increases, the convec-
tion increases so as to become evident even at 0.5 cm
distance at 100 torr pressure. It is also evident
from figure 4 that the actual amount of convective
transfer is independent of the path and increases
linearly with pressure. If the heat transfer curve
for the 10 cm case in figure 4 is extrapolated hori-
zontally from the incipience of the continuum to 760
torr and the difference between this pure conductive
transfer and total transfer be attributed to natural
convection, the natural convective heat transfer as a
function of pressure would be the values presented in
figure 6.

In figure 6, the values of heat transfer at dis-
tances of 5, 10, and 20 cm were averaged for each
pressure, and 30 BTU/ft? hr was subtracted from the
average for each pressure. The quantity 30 BTU/ft? hr
is the value of conductive heat transfer just after
which convective heat transfer becomes apparent (fig.
4). The 1lengths 5, 10, and 20 cm were selected be-
cause the convective component of transfer was ap-
parent at pressures down to 10 ° torr, giving seven
data points for interpretation. The graph of figure 6
indicates that convective heat transfer Q, is a func-
tign of pressure P according to the relationship Q, =
aP® , where a and b are constants, and figure 4§ indi-
cates that @, is independent of length. A least
squares solution for the constants from the seven data
points is a = 8.04 and b = 0.5669, or Q, = 8.04 P%5669,
when C. is in BTU/ft2 hr and P is in torr. The stan-
dard deViation of the data points from the values de-
termined by the equation is 13.2 percent, which is
ordinarily a poor fit, but considering we are quanti-
tatively handling convection, this is quite good.

It should be pointed out again that this data is
for specific geometries; a small warm surface and a
very large cold surface, and some caution must be
taken when applying this data to other conditions.
The appearance of the data indicates, however, that in
going from a parallel semi-infinite plane condition
(0.05 to 0.5 cm) to a remote point source condition
(10 to 39 cm) the heat transfer follows in parallel
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patterns. This indicates that the error may not be
too great in applying this data to a wide variety of
conditions, The convective data, though, is strictly
for the vertical warm surface case, and will certainly
be different for horizontal surfaces, depending on
their viewing up or down and being hot or cold.

Accommodation coefficients were calculated from
the data, and showed for 3M velvet to be 0,35 and for
the aluminized specualr surface to be 0.374 and 0.408,
The former value was calculated from the 90 ° F data
and the latter value from the 30° F data. The values
for the specular surface are larger than expected. No
explanation is offered. The accommodation coefficient
for the spongy, matte 3M black surface is lower than
an expected value of near unity, but when adsorption
and even entrainment of nitrogen molecules in the mi-
croscopically irregular surface is considered, low ac-
commodation coefficient may be explained. In the case
of adsorption or entrainment, the molecules are tempo-
rarily arrested at the painted surface, slowing their
effective net heat transfer velocity, that velocity
being the distance traversed divided by the sum of the
time to traverse it at the mean velocity and the time
the molecule is delayed at the surface.

Some useful heat transfer values were obtained
for static nitrogen gas in the range 1073 to 760 torr
at path lengths ranging from 0.05 to 20 centimeters,
The data demonstrated behavior agreed with theory con-
cerning heat transfer in the molecular and continum
regimes. Exact calculations for comparison were not
possible due to the uncertainty of mean gas tempera-
ture because temperature differentials were very
large. Convective heat transfer for a vertical smooth
surface in a nitrogen atmosphere was empirically cor-
related to pressure at a given large temperature dif-
ferential, and was shown to be independent of path
length.,

CONCLUDING COMMENTS

It is evident from the limited number of cases
studied and from the large number of important cases
encountered that more data are necessary. Other gases
should be investigated, including helium, argon and
methane. Studies should be performed for temperatures
ranging from -200° F to +250° F, Further, data should
also be obtained for a surface facing up and a surface
facing down, Structural metal surfaces should be
studied, such as aluminum, stainless steel, and copper.
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TABLE I.- COMBINED CONDUCTIVE-CO:IVECTIVE
IIEAT FLUX IM BTU/FT LR FOR VIRTICAL SPLCULAR
ALUMINIZED SURFACL AT 30 °F, =300 °F ENVIROUMCNT,
NITROGLH GAS

PRESSURE

5 Tore |5 | 5 x |15 x 6.2 x 36 % 10| 3.0 |10.0| 300 100.0[300.0[500.0[760.0

ISTANC 10-3[10-3(10-2[10 -2{y0 -

IN cm
0.05 1risorjmefase| - | . | | .. ..
0. 141 | 545|134, 332 | 486 | 533 [ 553 | 540 553 | 553 | 551 | 556 | 562
0.2 137 | 514| 17 | 249|323, 360. | 360. | 366. [ 370. | 370.| 389. | 377.| 304,
0.5 133 [ 407 | 86. | 145 170.[ 177.{ wo0. | 181, | 182. | 203.{ 248. | 270.| 324
10 126 350] 67. [ 84.] 102 | 105.| 105. | 107.] 17. | 156. | 236.| 294.| 364
2.0 N8| 290 49. [ 57.| 61 | 61 | 62. | 69. | 87. | 151. | 222. | 279, 367
5.0 99 27| 35 | 37. | 36. | 43| 53. | 61 | 84 | 141 | 220 | 278.| 328
10,0 87 {1791 27.4] 30. | 28. | o1 | 63.{ 86. | 102. | 146. [ 212. | 248.| 300
20.0 720 141 ]22. | 23 | 24. | #| s9. | 63. | 61 |127. ] 108. | 236 308
19.0 selvr|az| e | - | b b o o] LT

TABLL II.- COMBINED CONDUCTIVL~COVECTIVE fIEAT
FLUX IN BTU/FT HR FOR VERTICAL MATTL DLACK SURFACE
AT 90 °F, -300 OF ENVIRONMENT, NITROGIII GAS

PRESSURE
iN

JORR| 5 x |15 %153 x|1.2 x (4.2 x| 11 x |32 x|9.4 x

dofsuuc 10-4 {10 -3|10 -3 {10-2 [10-2}10-1 [ 101 | 101 | 30

IN cm
0.05 71 | 127 | 48. | 121 | 384. | 581 | 881 |1i64. [1633.
o1 54 1126 | 47. | 108. [ 323. | 461 | 583. | 840. | 926.
0.2 7.9 | 147 | 46. | 100. | 249. | 346.  466. | 474.[ 473.
0.5 51 (13 | 40 | 77. [158. ]| 203. | 217. | 225. | 237.
10 43 [ m9o (33 | 56| 91 |103.[109. | N2 | 109.
2.0 39 | M |28 |44 |62 |67 N | 2| A
50 29 (86 [ 2t (3 39 | 4 | 4 |43 | s

10.0 26 | 7.8 8. | 24.  30. | 29. | 30. | 40. 51

200 9 73 15. [ 20. | 23. | 22. | 27. | 40. | sa.

39.0 L 6.3 14. 20. 22, | 22. | 27. | 39. | s52.

L
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TADLE III.— COMBINED CONDUCTIVL=CONVECTIVE HLAT
TRAIISFER IN DTU/FT IR FOR VLRTICAL SPECULAR
ALUMINIZED SURFACE AT 90 °F, =300 °F ENVIRONMENT,
NITROGLN GAS

PRESSURE
":on Lsx [ar xfusx|sx Jasxisx favxfax | o

d- 10-5]10-4}10 -3 [10-3 102 |10°2 |10 10 ’

DISTANCE

IN cm

[IN em
0.05 19 | 49 152 | 511 |1s0.6 |493.3 1254 1540 [ 1711 | 2290] 2314
ol 15 | 46 [ 145 | s0.4|161.3]407.2] 919 [1030 | 77 |1242 | 1234
0.2 19 | 49 | 145 | 481 ]139.4]301.6] 535 | 608 | 548 | 652 | 644
0.5 19 | 49 | 141 | @19 |102.4|172.5| 226 |248.3|277.7] 263 | 2516
10 19 | a2 | 122 | 33.0] 71.4 | no.s| 129 |126.8| 128.21132.2|139.5
2.0 15 | 42| na 0] sar| nz|ze2| 77.4] 76| 797| NO
5.0 1s | 3.8 |103]225]|37.8] 461442450 461 576|660
10.0 | 38| oesi | 87| 289]339] 327]33.9) 385|584 680
200 15| 38] 84160 229] 23.2] 26.3| 309[ 3961 614|758
39.0 15| 3.4] solise| 221] 224 270| 26} 395] 591|770
%. 19 | 49| 144 496]|161.3] #10.| 935 | 1082 | N69 | 1363] 1524

9 REPEAT TEST
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Figure 1.- Experimental configuration.
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Figure 2
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ENVIRONMENT TEMPERATURE = -300° F
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Figure 4

932




ALUMINIZED SPECULAR SURFACE AT 30° F
VIEWING -300° F MATTE BLACK
ENVIRONMENT, IN NITROGEN ATMOSPHERE

O P =36 X10" TORR
1000 ~ A P =1.0 TORR
( S T P = 3.0 TORR
& P =10 TORR
O P = 30 TORR
HEAT
TRANSFER, 100 -
BTU/FT2 HR
10 L 1 1 1
.01 0.1 1 10 100
PATH LENGTH, CENTIMETERS
Figure 5.~ lieat transfer as a function
of distance between surfaces.
1000
LINE ACHIEVED BY LEAST -
SQUARES FIT: @ = 804p0.5669 g
100
Q = HEATY
TRANSFER,
BTU/FT2-HR
10 -
e
’I
Cd
’I
] 11t 1 4 111t 1L Ll L Lrainy 111l
107! 1 10 100 1000 10000

P = PRESSURE, TORR

Figure 6.- latural convective heat tramsfer as a
function of a nressure vertical specular alu-
ninized surface at 30 F in =309 TP matte bilacl:
environrent, nitrocen gas,
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